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Study  region:  The  Coastal  California  basin  aquifer  system  (CCB),  USA.
Study  focus:  Understanding  the controls  on nonpoint  source  (NPS)  nitrate  (NO3−)  contam-
ination  in  groundwater  is motivated  by the  widespread  detection  of  NO3−, implications
for  human  health  and  aquatic  ecosystems,  groundwater  sustainability,  and a growing  real-
ization that  such  understanding  across  spatial  scales  promotes  management  and  policy
choices that  optimize  the Water–Energy–Food  (WEF)  Nexus.  In the  CCB,  the conﬂicts  in the
WEF  Nexus  are  apparent  because  of  intensive  agricultural  practices  that  have  contributed
to chronic  NO3− loading  to groundwater.  We  evaluate  the  scale-dependent  relations  among
source,  transport,  and attenuation  (STA)  factors  that  control  NPS  NO3− contamination  in
recently recharged  CCB  groundwater.  Logistic  regression  models  are presented  for sub-
regional  and  regional  model  domains.
New  hydrological  insights  for the region:  Dissolved  oxygen  (DO)  (attenuation)  in ground-
water  is  often  the  most  signiﬁcant  STA  factor  in all model  domains,  indicating  that DO
is an  important,  scale-invariant  factor  controlling  NPS NO3− contamination.  Farm  fertil-
izer  (source)  is  also  a  signiﬁcant  scale-invariant  factor,  while  many  of the  transport  factors
are scale-dependent  factors.  We  present  vulnerability  maps  that  illustrate  the  spatial  pat-
terns of  predicted  probability  of  detected  elevated  NO3−.  Findings  here  improve  knowledge
about  the  scale  dependence  of  STA  factors,  which  help  decision  makers  develop  best man-
agement strategies  and  policies  that advances  groundwater  sustainability  and  optimizes
the WEF  Nexus.
©  2016  The  Authors.  Published  by  Elsevier  B.V.  This  is an  open  access  article  under  the  CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
. IntroductionPlease cite this article in press as: Gurdak, J.J., et al., Scale dependence of controls on groundwater vulner-
ability in the water–energy–food nexus, California Coastal Basin aquifer system. J. Hydrol.: Reg. Stud. (2016),
http://dx.doi.org/10.1016/j.ejrh.2016.01.002
All groundwater resources are vulnerable to nonpoint source (NPS) contamination (Gurdak, 2014). Interest in under-
tanding the controls on NPS contamination in groundwater has largely been motivated by the widespread detection of NPS
ontaminants, such as nitrate (NO3−) (Spalding and Exner, 1993), and the implications for human health, aquatic ecosys-
∗ Corresponding author.
E-mail address: jgurdak@sfsu.edu (J.J. Gurdak).
http://dx.doi.org/10.1016/j.ejrh.2016.01.002
214-5818/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2 J.J. Gurdak et al. / Journal of Hydrology: Regional Studies xxx (2016) xxx–xxxFig. 1. Map showing the location of California Coastal Basin aquifer system (CCB). The aquifer location data is modiﬁed from the California Department of
Water Resources and the U.S. Geological Survey.
tems, and sustainability of groundwater resources (Gurdak, 2008; Gurdak et al., 2012, 2008, 2007; Gurdak and McCray, 2005;
Gurdak and Qi, 2012, 2006). The U.S. Environmental Protection Agency (USEPA) maximum contaminant level (MCL) for NO3−
in drinking water is 10 mg/L (as Nitrogen (N); note that all concentrations reported in this paper are NO3− as N) (USEPA,
2015). Health concerns, including methemoglobinemia or “blue baby” syndrome, spontaneous abortion, and increased risk
of non-Hodgkins lymphoma, have been linked to drinking water with NO3− concentrations as low as 2.5–4.0 mg/L (Centers
for Disease Control and Prevention, 1996; Fewtrell, 2004; Ward et al., 1996; Weyer et al., 2001). The reduction of NO3− in
groundwater can also release the strong greenhouse gas nitrous oxide (McMahon et al., 2000) and pose other well-known
ecological risks (Galloway et al., 2003).
Additional motivation proposed by Rockstrom et al. (2009) states that human perturbation of the nitrogen cycle and
related NPS NO3− contamination is one of the fundamental parameters of planetary boundaries that deﬁne the safe operating
space for humanity. These concepts are central to the growing realization that climate change and socioeconomic devel-
opment are creating increased pressures on global water, energy, and food resources that deﬁne the planetary boundaries;
pressures that have resulted in increased levels of trade-offs and conﬂicts among the resources and stakeholders (Taniguchi
et al., 2013). In many ways, global groundwater resources, including the vulnerability to NPS NO3− contamination, are a
major component of the Water–Energy–Food (WEF) Nexus because of the complex interconnections between the strong
global demand for groundwater-fed irrigated agriculture (W–F Nexus), energy-intensive groundwater pumping and con-
veyance (W–E Nexus), energy-intensive production and application of N-based fertilizers (E–F Nexus), and the resulting NPS
NO3− contamination in groundwater that could be used as a N-credit during groundwater supplied chemigation, potentially
reducing fertilizer expenses (WEF Nexus). To meet federal NO3− drinking-water standards, energy intensive water treat-
ment (W–E Nexus) in the U.S. alone has been estimated in the hundreds of millions to billions dollars (Ribaudo et al., 2003;
Tegtmeier and Duffy, 2004). Thus, improved understanding and prediction of NPS NO3− contamination in groundwater can
help lead to management and policy decisions that optimize the WEF  Nexus.
The conﬂicts and tradeoffs related to groundwater within WEF  Nexus are apparent in California, particularly along the
California Coastal Basin aquifer system (CCB) (Fig. 1) where intensive agricultural practices have contributed to chronic NO3−
loading to groundwater (Harter et al., 2012; Rosenstock et al., 2014). The CCB is one of 62 principal aquifers (PAs) in the U.S.
PAs are regionally extensive aquifers and aquifer systems of national signiﬁcance because of their high productivity and are
critically important sources of potable water (Lapham et al., 2005). The CCB supplies water for drinking, irrigated agriculture,
and other industry (Department of Water Resources, 2003), which help supports California’s multi-billion dollar agricultural,
biotech, and high-tech economies, including Silicon Valley that is located on the CCB. The intense use of groundwater from
the CCB, like many coastal aquifers worldwide, has resulted in local overdraft conditions and seawater intrusion in many
of the basins (Hanson et al., 2010; Rudestam et al., 2015), which negatively impacts food production and other uses of the
groundwater. Additionally, the recent (2012–2015) drought in California has led to an increased demand on groundwater
from the CCB and need to further understand the groundwater availability and resilience of the CCB within the WEF  Nexus
for optimal resource management and policy decision making. Therefore, assessing the vulnerability of the CCB to NPS
NO3− contamination provides valuable information about one of the important indicators to risk and resilience of the
regionally important aquifer system. Previous studies have used logistic regression models to predict the likelihood of NO3−
contamination to the CCB aquifers (Gurdak and Qi, 2012; Nolan et al., 2002). Gurdak and Qi (2012) developed a model for the
entire CCB system using explanatory variables that represent the source, transport, and attenuation (STA) factors controlling
NPS NO3− contamination in groundwater, but the resulting CCB model had a poor ﬁt to observations at the validation wellsPlease cite this article in press as: Gurdak, J.J., et al., Scale dependence of controls on groundwater vulner-
ability in the water–energy–food nexus, California Coastal Basin aquifer system. J. Hydrol.: Reg. Stud. (2016),
http://dx.doi.org/10.1016/j.ejrh.2016.01.002
(r-square = 0.064).
The primary objective of this paper is to improve upon prior studies and better ﬁt models to calibration data in order to
better explain the STA factors and scale dependencies controlling NPS NO3− contamination (deﬁned here as concentrations
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Fig 2. (A) Map  of California Coastal Basin aquifer system (CCB) with locations of wells used for model calibration (black) and validation (red). boxed areas
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tre  sub-regions used in the study (B: north CCB; C: central CCB; and D: south CCB). There are 30 validation wells and 15 validations well in each sub-region
ith  a total of 90 validation wells and 45 calibration wells in the entire CCB. (For interpretation of the references to color in this ﬁgure legend, the reader
s  referred to the web  version of this article.)
reater than or equal to 2.0 mg/L NO3− (as N) background) in the most vulnerable part of the CCB groundwater ﬂow system.
n building these models, we address the research question: Which STA factors and processes are dependent or independent
f the scale at which they control NPS NO3− contamination in groundwater? We hypothesize that using a larger and more
epresentative compilation of well data than previous studies will allow us to better quantify scale dependence or scale
nvariance (scale independence) of the STA factors and processes. In this paper, we present univariate and multivariate
ogistic regression models for two spatial scales common to management and policy decisions: sub-regional scale (the
orth, central, and south CCB sub-regions) and regional scale (the entire CCB region). Here we  follow concepts of Sposito
1998) and deﬁne STA scale dependence if such factors are statistically signiﬁcant in either sub-regional or regional models
nd STA scale invariance if such factors are statistically signiﬁcant in both sub-regional and regional models. This study
mproves fundamental knowledge about the scale-dependent relations of STA factors in the CCB aquifer, which can be used
y decision makers in California and beyond to develop better management strategies and policies that protect California’s
roundwater resources from NPS NO3− contamination and optimize the WEF  Nexus. This study has particular relevance
nder California’s new (2014) groundwater legislation called the Sustainable Groundwater Management Act (SGMA) that
stablishes local agencies to develop plans and implement strategies to sustainably manage groundwater resources in
alifornia, including the CCB. Many of the basins in the CCB have been prioritized with a high ranking under the SGMA, which
andates development of groundwater sustainability plans, including groundwater quality, by the year 2020. Findings from
his study will help local agencies in the north, central, and south sub-regions of the CCB develop groundwater sustainability
lans.
. Study area
The CCB is comprised of more than 100 basins located along the coast of California (Fig. 1). For this study, models werePlease cite this article in press as: Gurdak, J.J., et al., Scale dependence of controls on groundwater vulner-
ability in the water–energy–food nexus, California Coastal Basin aquifer system. J. Hydrol.: Reg. Stud. (2016),
http://dx.doi.org/10.1016/j.ejrh.2016.01.002
eveloped for three sub-regions (north CCB, central CCB, and south CCB) and for the entire CCB region (Fig. 2). The CCB is the
esult of faulting and folding in the tectonically active area that created primarily northwest trending structural troughs that
arallel the coastline. The CCB troughs are intermontane basins consisting of unconsolidated and semi-consolidated terres-
rial, marine, and volcanic sedimentary deposits (USGS, 2015). The CCB is generally unconsolidated and semi-consolidated
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Table 1
Summary of nitrate (NO3−) concentrations in wells used for calibration and validation of the logistic regression models.
CCB North CCB Central CCB South CCB
Study area (km2) 26,429 4,614 9,552 12,263
NO3− threshold (mg/L) 2.0 2.0 2.0 2.0
All  data (calibration and validation)
Number 135 45 45 45
Maximum 40.0 11.0 40.0 34.0
Median 1.45 0.20 3.30 2.19
Minimum 0.03 0.03 0.05 0.04
Subset  for model calibration
Number 90 30 30 30
Maximum 40.0 11.0 40.0 26.0
Median 1.09 0.25 3.34 1.64
Minimum 0.03 0.03 0.05 0.04
Subset  for model validation
Number 45 15 15 15
Maximum 34.0 3.99 29.0 34.0
Median 1.71 0.19 3.11 2.67
Minimum 0.03 0.03 0.05 0.79mg/L, milligrams per liter.
aquifer of sands and gravels, and has interbedding with conﬁning units of ﬁne-grained silts and clay (USGS, 2015). The CCB
is classiﬁed as having a Mediterranean climate where temperatures are moderated by the ocean and the daily temperature
range varies by about 10 ◦C. There is a strong north to south gradient in average annual precipitation across the CCB, ranging
from more than 2,000 mm in parts of the north CCB to less than 250 mm in parts of the south CCB.
3. Methods
3.1. Well selection
Although NO3− concentrations are highly variable in most groundwater systems, wells that intercept recently recharged
groundwater are often screened in the most vulnerable component of the ﬂow system to NPS contamination (Gurdak and
Qi, 2012). Recently recharged groundwater is deﬁned here as recharge during the last 60 years. Although, much of the initial
agricultural development in parts of the CCB and California existed prior to the 1950s (Rosenstock et al., 2014), deﬁning
recently recharged groundwater since the 1950s coincides with more widespread development of the CCB and expansion
of urban and agricultural land use (USGS, 2015).
The spatial distribution of the 132 wells used by Gurdak and Qi (2012) in their previous CCB vulnerability model was
sparse in some sub-regions and dense in other sub-regions of the CCB. To improve the spatial distribution, additional wells
that intercept recently recharged groundwater were selected with NO3− concentration data from the USGS National Water
Information System (NWIS) database. Similar to Gurdak and Qi (2012), tritium (3H) was used as the primary selection
criterion for wells that intercept recently recharged groundwater. Before atmospheric testing of thermonuclear bombs
began in the early 1950’s, the tritium content of precipitation across the U.S. was approximately 8 Tritium Units (TU)
(Thatcher, 1962). Because tritium is radioactive, with a half-life of 12.43 years, groundwater that is derived completely from
precipitation that fell before the early 1950’s atmospheric testing would contain less than 0.3 tritium units (TU) in 2015.
Tritium values greater than 0.3 TU indicate that groundwater samples contain at least a portion of water that was  recharged
during the last 60 years and was used as selection criteria for wells that intercept recently recharged groundwater. If time-
series groundwater-quality samples were collected at an individual well, the most recent sample was  used in this study.
This selection process removed temporal variability caused by changes in NO3− concentrations at each well over time.
After well selection, the number of wells in each sub-region of the CCB aquifer was  randomly ﬁltered using a geographic
information system (GIS). The ﬁltering removed neighboring wells from high-density spatial clusters to create a more
uniform and consistent spatial density across each sub-region of the CCB aquifer. The ﬁltering also eliminated double counting
of GIS-based explanatory variables within a 500-m buffer radius around each well, and reduced the potential for spatial
autocorrelation (Johnson and Belitz, 2009; Worrall and Kolpin, 2004).
The well selection and ﬁltering steps resulted in 135 wells across the CCB aquifer, which includes 45 wells in each of
the north, central, south CCB sub-regions (Table 1, Fig. 2) (Geyer, 2014). The well sampling dates for the 135 wells rangedPlease cite this article in press as: Gurdak, J.J., et al., Scale dependence of controls on groundwater vulner-
ability in the water–energy–food nexus, California Coastal Basin aquifer system. J. Hydrol.: Reg. Stud. (2016),
http://dx.doi.org/10.1016/j.ejrh.2016.01.002
from 1992 to 2010. For purposes of developing logistic regression models in each CCB sub-region and for the entire CCB
region, two-thirds (30 wells) were randomly selected for model calibration and the remaining one-third (15 wells) for model
validation in each CCB sub-region (Table 1, Fig. 2).
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.2. Groundwater-quality data
The quality of most recently recharged groundwater has likely experienced human inﬂuence to some degree (Gurdak
nd Qi, 2012). Therefore, establishing a threshold based on NO3− concentration that distinguishes between natural and
nthropogenic processes is useful when evaluating the effects of STA factors on NPS NO3− contamination in groundwater.
e use 2.0 mg/L (as N) as the threshold between background (natural) and anthropogenic processes, which is consistent
ith studies that report background NO3− concentrations of 2.0–2.3 mg/L beneath forest, rangeland, and pasture areas of
he U.S. (Mueller and Helsel, 1996; Nolan and Hitt, 2003). In this study, the background concentration (2.0 mg/L) is used to
stablish the binary threshold in the logistic regression modeling, as described below.
Concentrations of NO3− from the 135 wells in the CCB ranged from 0.03 to 40.0 mg/L, with a median concentration
f 1.45 mg/L (Table 1). Of the three sub-regions, the north CCB has the lowest NO3− concentrations (median, 0.20 mg/L
nd maximum 11.0 mg/L) (Table 1). The distribution of NO3− concentrations is somewhat similar in the central (median,
.30 mg/L and maximum, 40.0 mg/L) and south (median, 2.19 mg/L and maximum, 34.0 mg/L) sub-regions (Table 1). Of
he 135 selected wells, 57 wells have NO3− above the threshold of 2.0 mg/L (38 calibration wells [North = 7; Central = 18;
outh = 13] and 19 validation wells [North = 2; Central = 7; South = 10]) (Fig. 3).
.3. Compilation of explanatory variables in GIS
Following methods from Gurdak and Qi (2012), we  tested 78 STA factors (Table S.1) in univariate and multivariate
ogistic regression analysis, including most that were extracted using a 500-m circular buffer around each of the 135 wells
aqueous geochemical STA factors are not available as GIS-based spatial attributes). In this paper, STA factors are denoted
ith the abbreviations of (S) for source, (T) for transport, and (A) for attenuation. A 500-m circular buffer is commonly used
o delineate land-use/land-cover (LULC) that potentially affects groundwater of concern (Eckhardt and Stackelberg, 1995;
−Please cite this article in press as: Gurdak, J.J., et al., Scale dependence of controls on groundwater vulner-
ability in the water–energy–food nexus, California Coastal Basin aquifer system. J. Hydrol.: Reg. Stud. (2016),
http://dx.doi.org/10.1016/j.ejrh.2016.01.002
olan et al., 2002). The GIS-based explanatory variables represent STA factors that may  control NPS NO3 levels above the
elative background concentration (Gurdak and Qi, 2012). Source variables represent NO3− loading (farm fertilizer (averaged
rom 1987 to 2006), manure from conﬁned animal feeding operations (averaged of 1982, 1987, 1992, and 1997), 2001 land
se/land cover including cultivated crops and irrigated cropland, atmospheric NO3− and total N, population density, and
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Table 2
Model calibration and goodness-of-ﬁt for the multivariate logistic regression models of NO3− greater than or equal to the relative background concentration
in  recently recharged groundwater.
Model NO3− threshold (mg/L) Model intercept LLR p-value HL p-value ROC
North CCB 2.0 −0.799 <0.001 0.944 0.98
Central CCB (model a) 2.0 0.009 0.013 0.295 0.82
Central CCB (model b) 2.0 −8.762 <0.001 0.993 0.98
South  CCB 2.0 −3.857 <0.001 0.375 0.94
CCB(north, central, and south) 2.0 −1.492 <0.001 0.759 0.86
LLR, log-likelihood ratio; HL, Hosmer Lemeshow goodness-of-ﬁt; ROC, Receiver Operating Characteristic curve.
aqueous geochemical indicators in groundwater); transport variables represent NO3− mobilization in the soil, unsaturated
zone, and saturated zone to the well (water inputs from precipitation and runoff, hydrologic and geochemical properties
of soil and aquifer material, depth to the water table, depth to the well screen below the water table, recharge rates and
selected management practices); and attenuation variables represent denitriﬁcation and/or dilution of NO3− (Table S.1).
Reduction/oxidation (redox) conditions are an important control on groundwater vulnerability to NO3− contamination
(Gurdak and Qi, 2012). Dissolved oxygen (DO) is an important factor to consider in NO3− vulnerability assessments because
denitriﬁcation occurs under anoxic conditions. When oxygen levels are depleted, microorganisms prefer to use NO3−, a
process in which NO3− is reduced to nitrogen gas (N2), the more stable form of nitrogen (McMahon and Chapelle, 2008). The
presence of dissolved and particulate organic carbon is signiﬁcant in the redox process as well because carbon is the most
common electron donor available in groundwater systems (McMahon and Chapelle, 2008; Thurman, 1985).
3.4. Logistic regression modeling
Logistic regression models were developed using JMP® statistical software (JMP, 1989) and the GIS-based explana-
tory variables (STA factors) to predict the vulnerability of groundwater to NPS NO3− above the background concentration
(2.0 mg/L). Logistic regression has been widely used in groundwater vulnerability assessments because it predicts the proba-
bility of a binary response using a threshold that is meaningful for speciﬁc management problems (e.g., Gurdak and Qi,  2012;
Gurdak, 2008; Nolan et al., 2002 Rupert, 1998; Tesoriero and Voss, 1997). Logistic regression is applicable for non-parametric
and dichotomous (binary) data, which often characterize environmental and groundwater-quality data. The response vari-
able is established using a binary threshold, which is commonly set at a drinking-water standard, laboratory detection level,
or relative background concentration (Nolan et al., 2002 Rupert, 1998; Tesoriero and Voss, 1997). In this study, the binary
threshold is set using the background concentration (2.0 mg/L). Additional details about the logistic regression modeling
methods and interpretation of the model coefﬁcients are presented in the Supplementary material.
Final maps that predict the vulnerability to NPS NO3− contamination for the CCB were developed in ArcGIS. The GIS-based
STA variables that were identiﬁed as signiﬁcant in the multivariate logistic regression analysis were included in the ﬁnal CCB
model and vulnerability maps. Gridded estimates were quantiﬁed by applying the ﬁnal multivariate regression equation to
the signiﬁcant STA variables using GIS map-algebra (ESRI, 2001).
4. Results and discussion
4.1. Multivariate relations between STA factors and NO3−
Univariate relations between NO3− concentration greater than or equal to 2.0 mg/L and explanatory variables were
evaluated in univariate logistic regression models and are summarized in the Supplementary material (Table S.2). The
coefﬁcients listed in Table S.2 indicate the nature of the univariate relation; coefﬁcient values greater than zero indicate
positive relations, and coefﬁcient values less than zero indicate inverse relations with NO3− greater than or equal to 2.0 mg/L.
An alpha level of 0.2 was chosen as the inclusion criteria for selecting explanatory variables into the multivariate analysis
rather than the more traditional alpha level of 0.10. Hosmer and Lemeshow (2000) suggest that an alpha level of 0.10 has
failed to identify variables known to be important during some multiple logistic regression analyses.
Based on results of the univariate analysis, 41 of the 78 explanatory variables were initially carried forward for multivariate
analyses. However, all explanatory variables were evaluated in a modiﬁed backward elimination stepwise multivariate
analysis (Gurdak and Qi, 2012) using the partial likelihood ratio. The variable selection for multivariate model development
required too many iterative steps to list here. Details of the ﬁnal multivariate logistic regression models are presented in
Tables 2 and 3. The explanatory variables listed in the ﬁnal multivariate models are categorized as distinct STA processes
(Table 3), but many of the variables may  each represent a combination or interaction of multiple STA factors (Gurdak and
Qi, 2012). As discussed below, the sign and magnitude of the standardized coefﬁcients (Table 3) indicate the predominantPlease cite this article in press as: Gurdak, J.J., et al., Scale dependence of controls on groundwater vulner-
ability in the water–energy–food nexus, California Coastal Basin aquifer system. J. Hydrol.: Reg. Stud. (2016),
http://dx.doi.org/10.1016/j.ejrh.2016.01.002
STA process at the scale consistent with each model. For all source variables (Table 3), the sign of standardized coefﬁcient is
positive and indicates a positive relation between increases in N sources and increases in the probability of NO3− exceeding
the background concentration of 2.0 mg/L. Transport variables that promote transport have positive standardized coefﬁcients
(positive relation to NO3−) and those that impede transport have a negative coefﬁcient (inverse relation to NO3−). In general
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Table 3
Parameters for logistic regression models for NO3− greater than or equal to the relative background concentration (2.0 mg/L as N) in recently recharged groundwater of sub-regions (north, central, and south)
and  region of the California Coastal Basin (CCB) aquifer system.
Explanatory variables (S,
source; T, transport; A,
attenuation)
Explanatory
variable coefﬁcient
(p-value)
Standardized
Coefﬁcient
Standard Error Wald conﬁdence interval:
lower/upper 95%
North CCB
(2.0 mg/L)
Farm fertilizer (kg/km2 of
cropland): S
0.00085 (0.008) 1.313 0.00032 0.00022 0.00148
Dissolved oxygen (mg/L): A 0.719 (0.002) 1.129 0.237 0.256 1.1838
Soil  thickness (cm): T -0.126 (0.025) −0.625 0.056 −0.236 -−0.016
Central  CCB
(2.0 mg/L)
Model a Open space (%): S 0.190 (0.029) 1.137 0.087 0.019 0.361
Soil  group D (%): T −0.075 (0.058) −0.731 0.039 −0.152 0.002
Model b Dissolved oxygen (mg/L): A 9.440 (0.007) 14.001 3.506 2.569 16.311
South  CCB (2.0 mg/L) High intensity development
(%): S
1.503 (0.071) 7.618 0.832 −0.128 3.133
Crops (%): S 0.071 (0.093) 0.830 0.043 −0.012 0.155
Dissolved oxygen (mg/L): A 0.371 (0.073) 0.830 0.207 −0.034 0.777
CCB  region (north,
central, and south)
(2.0 mg/L)
Dissolved oxygen (mg/L): A 0.479 (<0.001) 0.751 0.117 0.267 0.732
Soil  thickness (cm): T −0.059 (0.096) −0.278 0.036 −0.134 0.009
Soil  available water capacity
(cm/cm): S
18.389 (0.122) 0.271 11.902 −3.603 43.872
Farm fertilizer (kg/km2 of
cropland): S
0.000054 (0.110) 0.269 0.00003 −0.00001 0.00013
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for attenuation variables (Table 3), a positive (negative) sign of standardized coefﬁcient indicates that NO3− attenuation
increases (decreases) in the soil, vadose zone, or saturated zone.
The log-likelihood p-value (<0.001) for the north CCB sub-region model indicates high statistical signiﬁcance and the
overall model ﬁt was excellent (HL p-value = 0.944) (Table 2). Variables that comprised the best multivariate model for the
north CCB are farm fertilizer (S), DO (A), and soil thickness (T) (Table 3). Farm fertilizer and DO have positive coefﬁcients,
representing a direct relation with the probability of NO3− exceeding the background concentration, while soil thickness
has an inverse relationship (Table 3). Farm fertilizer contains large amounts of nitrogen and has been well documented
cause of elevated NO3− in many local to national scale studies (Gurdak and Qi, 2012; Nolan and Hitt, 2006). Similarly, the
presence of DO slows the rates of denitriﬁcation (McMahon and Chapelle, 2008) and thus NO3− isn’t reduced to N2. Soil
thickness is inversely related to NO3− in the north CCB model, indicating that an increase in soil thickness restricts the
transport of NO3− into groundwater. A thicker soil likely contains greater amounts of carbon and microbial communities
that enhance attenuation by promoting denitriﬁcation of NO3− during transport to the water table. Pearson correlation
coefﬁcient statistics (<0.7) indicate no multicollinearity among variables in the north CCB multivariate model.
The log-likelihood p-value (0.013) for the central CCB (model a) indicates good statistical signiﬁcance, but the overall
model ﬁt was poor (HL p-value = 0.295) (Table 2). The central CCB (model a) includes open space (S) and soil group D (T), and
the open space variables has a positive coefﬁcient, representing a direct relation to NO3− concentration, but the soil group
D has a negative coefﬁcient, indicating an inverse relation to NO3− concentration (Table 3). Open space is characterized as a
mix of constructed material and vegetation, with the majority of the vegetation areas consisting of lawn grass or vegetation
planted for recreational purposes or erosion control (LaMotte, 2008). Non-farm fertilizer applied to lawns has been linked
to NO3− contamination in recently recharge groundwater (Nolan and Hitt, 2006) and supports the positive relation between
open space and NO3−. The inverse relation between soil group D and NO3− is explained by the very slow inﬁltration and
transmission rates of soil group D when thoroughly wet, which acts to impede the transport of NO3− to the groundwater.
Pearson correlation coefﬁcient statistics indicate that the two  variables are independent of one another.
For the central CCB, a second model (model b, Table 2) was  identiﬁed with excellent model signiﬁcance (LLR p-value
<0.001) and overall model ﬁt (HL p-value = 0.993) that has only DO (A) as a signiﬁcant variable, which has a positive corre-
lation to NO3− concentration (Table 3). Although without a source (S) term, model b is more a proxy for NO3− than a true
groundwater vulnerability model. The positive correlation between DO and NO3− is expected because of the well docu-
mented conditions of elevated DO in groundwater that inhibit denitriﬁcation (Gurdak and Qi, 2012; McMahon and Chapelle,
2008). However, we found that adding other explanatory variables with DO in the multivariate analysis resulted in poor
model signiﬁcance and overall model ﬁt, which we attribute to at least the follow explanations. At the sub-regional scale, DO
has the most signiﬁcant control of all tested source (S) and transport (T) factors on the presence of elevated NO3− in recently
recharged groundwater of the central CCB. However, it is also possible that the 78 explanatory variables somehow do not
adequately represent the spatial or temporal controls on elevated NO3− in recently recharged groundwater of the central
CCB. During the univariate analysis of the central CCB (Table S.2), several of the source variables were identiﬁed having
negative coefﬁcients, which is indicative of inverse relations with NO3− concentration. However, more than half of the wells
used for model calibration have NO3− concentrations above the background threshold of 2.0 mg/L, and the central CCB has
the greatest median and maximum NO3− concentrations of any of the CCB sub-regions. According to a recent groundwa-
ter vulnerability study of Santa Clara county in the central CCB, NO3− concentrations are beginning to decline because of
gradual shift from agricultural land use to suburban housing and decrease in the number of feedlots (Todd Engineers and
Kennedy/Jenks Consultants, 2010). Therefore, the observed NO3− concentrations in groundwater of the central CCB may
be a reﬂection of historical land use and the land-use data (collected in 2001) evaluated in this study may  not adequately
represent historical NO3− sources.
Similar to the central CCB (model a), the log-likelihood p-value (<0.001) for the south CCB indicates high statistical
signiﬁcance in the model, but overall poor model ﬁt (HL p-value = 0.375) (Table 2). The best south CCB model included
high intensity development (S), crops (S), and DO (A) (Table 3). All of the variables in the south CCB model have positive
coefﬁcients and are positively related to NO3−concentrations. High development is deﬁned as an area where people reside
or work in high numbers (LaMotte, 2008). The direct relation between high development areas and NO3− concentration is
likely due to leaking septic tanks or sewage lines and (or) the application of lawn (non-farm) fertilizers. Historical orchard
agricultural, prior to urban development may  also be a partial source of the elevated NO3−concentrations in parts of the
south CCB (Anton et al., 1988). Crops are characterized by the area designated for production of annual crops (LaMotte,
2008), which are a well documented source of NO3−concentrations in recently recharged groundwater because of the N
input from fertilizer application (Gurdak and Qi, 2012; Nolan and Hitt, 2006). We found a high Pearson correlation between
crops and farm fertilizer in the south CCB. Similar to the north and central CCB sub-regional models, DO is also positively
correlated to NO3− concentration in the south CCB. Pearson correlation coefﬁcient statistics of the variables in the south CCB
indicate that the variables in the model are not strongly correlated to each other.
The log-likelihood p-value (<0.001) for the CCB region indicates high statistical signiﬁcance in the model and very good
overall model ﬁt (HL p-value = 0.759) (Table 2). The best multivariate model found for the CCB region consists of DO (A),Please cite this article in press as: Gurdak, J.J., et al., Scale dependence of controls on groundwater vulner-
ability in the water–energy–food nexus, California Coastal Basin aquifer system. J. Hydrol.: Reg. Stud. (2016),
http://dx.doi.org/10.1016/j.ejrh.2016.01.002
soil thickness (T), soil available water capacity (T), and farm fertilizer (S) (Table 3). Pearson correlation coefﬁcient statistics
indicate that each of the variables in the best multivariate model of the CCB region are not strongly correlated to each other.
DO has the largest standardized coefﬁcient in the CCB regional model, indicating that DO has the greatest relative effect
on elevated NO3−concentrations in recently recharged groundwater across the CCB region. DO was also signiﬁcant in all
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ub-regional and regional scale model, as well as in other recent PA-scale and national-scale groundwater vulnerability
odels (Gurdak and Qi, 2012), indicating that DO is an important scale-invariant STA factor controlling elevated NO3−.
lthough it is well established that DO is an important control on NO3− concentration in groundwater (McMahon and
hapelle, 2008; Nolan et al., 2002; Nolan and Hitt, 2006, 2003; Tesoriero and Voss, 1997), the scale invariance of DO  in
roundwater vulnerability models is an new concept that has important implications for water management practices and
uture vulnerability studies in the CCB and other aquifers. Monitoring and assessment of groundwater quality is a frequently
ecommended action to address NPS NO3− contamination in groundwater (e.g., Harter et al., 2012). Such recommendations
ften emphasize monitoring the NPS contaminants of concern, such as NO3−, without acknowledging other important
eochemical indicators of vulnerability. Findings from this study highlight the importance of including DO in all monitoring
nd assessment efforts of NPS NO3− in groundwater of the CCB and other aquifers.
Following DO, soil thickness has the second largest, but negative standardized coefﬁcient, which indicates an important
nverse relation between soil thickness and the probability of NO3− exceeding the threshold. Soil thickness was  signiﬁcant
nly in the north CCB sub-regional and the CCB regional models. The north CCB and CCB models also share DO as an
xplanatory variable. The similarity of explanatory variables in the two models may  indicate that the north CCB is a good
epresentation of the CCB as a whole. The third most important explanatory variable in the CCB model is available water
apacity (AWC) (Table 3), which is the amount of water that a soil can store that is available for use by plants. AWC  is
alculated as the difference between ﬁeld capacity and the wilting point for a particular soil texture. Soils with greater AWC
re generally more conducive to high biomass productivity and thus may  be a proxy for agricultural soils. AWC  is the only
xplanatory variable that is speciﬁc to the CCB region and not present in any of the sub-regional models. AWC  has a positive
oefﬁcient in the model, thus an increase in AWC  corresponds to an increase in NO3− concentration and likely represents
 source term of NO3− to the groundwater. Farm fertilizer is the least signiﬁcant explanatory variable in the CCB regional
odel (Table 3). Similar to DO, farm fertilizer is signiﬁcant in the north CCB as well, indicating that farm fertilizer may  also
e an important scale-invariant source of NO3− concentration in recently recharged groundwater across the CCB. In fact,
arm fertilizer is highly correlated to crop production, which was  a signiﬁcant explanatory variable in the south CCB model.
.2. Spatial patterns of NO3− vulnerability in the CCB
Using the CCB regional model (Table 3) and GIS Map Algebra (ESRI, 2001) of the model calibration data set, we  constructed
aps of the CCB that illustrates the spatial patterns of predicted probability of recently recharged groundwater having NO3−
reater than or equal to the relative background concentration of 2.0 mg/L (as N) (Fig. 4a and b). The vulnerability maps (Fig. 4a
nd b) are delineated using explanatory variables in the regional model (Table 3) that are all available as spatially continuous
IS data, except for DO in recently recharged groundwater that is not available as GIS data. Because spatial interpolation of
O would result in considerable error (Gurdak and Qi, 2012), we selected representative values of DO that we applied in
he logistic regression model to create the spatially continuous vulnerability maps. Two vulnerability maps were developed
o account for the uncertainty in DO concentrations in actual groundwater of the CCB. Using the methods of Gurdak and Qi
2012) and important thresholds of denitriﬁcation established by McMahon and Chapelle (2008), the CCB vulnerability map
n Fig. 4a incorporates DO = 2.0 mg/L, which approximates the median DO concentration of 2.4 mg/L (as N) from all wells in this
tudy and was selected to represent geochemical conditions if actual DO concentrations limit denitriﬁcation and enhance
ulnerability to NO3−. The selection of DO = 2.0 mg/L represents oxic redox conditions and O2 reduction (McMahon and
hapelle, 2008). The CCB vulnerability map  in Fig. 4b incorporates DO = 0.5 mg/L, which approximates the 25th percentile of
O concentration (0.53 mg/L as N) from all wells in this study and was selected to represent geochemical conditions if actual
O concentrations enhance denitriﬁcation and limit vulnerability to NO3−. The selection of DO = 0.5 mg/L represents the
hreshold between oxic and anoxic redox conditions and NO3− reduction (McMahon and Chapelle, 2008). The vulnerability
ap  using the higher DO (2.0 mg/L) (Fig. 4a) generally shows more areas of the CCB with moderate to high (40–100%)
redicted probabilities of detecting elevated NO3− than the map  using the lower DO (0.5 mg/L) (Fig. 4b). Assuming higher
O (2.0 mg/L) (Fig. 4a), areas with relatively low (less than 40%) predicted vulnerability to NO3− greater than or equal to
.0 mg/L are located in many of the basins in the northern and southern CCB sub-regions. Area with relatively high (greater
han 40%) predicted vulnerability are located in many of the agricultural basins in all sub-regions, most notably in the
ine growing region north of San Francisco Bay, fruit and vegetable growing regions of central CCB, and in urban centers,
articularly in the south sub-region near Los Angeles. The map  using the lower DO (Fig. 4b) indicates moderate to high
redicted probabilities in only a few agricultural areas, including parts of the Salinas valley in the central CCB. Comparing
he differences in predicted probabilities between the two  vulnerability maps in Fig. 4a (high DO) and b (low DO) highlights
he importance of accurately understanding and monitoring local scale DO concentrations in groundwater when developing
est management practices to address NPS NO3− contamination.
.3. Predictive abilityPlease cite this article in press as: Gurdak, J.J., et al., Scale dependence of controls on groundwater vulner-
ability in the water–energy–food nexus, California Coastal Basin aquifer system. J. Hydrol.: Reg. Stud. (2016),
http://dx.doi.org/10.1016/j.ejrh.2016.01.002
The predictive ability of the sub-regional and regional CCB vulnerability models (Table 3) was evaluated by comparing
he predicted probabilities and the observed NO3− concentrations at the randomly selected validation wells. The NO3−
oncentrations from the validation wells have a similar range as the wells used for model calibration (Table 1) and were
onverted to a binary classiﬁcation of “event” for NO3− concentrations greater than or equal to 2.0 mg/L and “non-event”
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10 J.J. Gurdak et al. / Journal of Hydrology: Regional Studies xxx (2016) xxx–xxxFig 4. Probablity of detecting nitrate concentrations greater than or equal to the relative background concentrations (2.0 mg/L NO3− as N) in recently
recharged groundwater of the California Coastal Basin aquifer system (CCB) as predicted by the CCB regional model (Table 3), including (A) dissolved
oxygen (DO) = 2.0mg/L and (B) DO = 0.5 mg/L.
for NO3− concentrations less than 2.0 mg/L. The binary classiﬁcation was  compared to the predicted probabilities for several
probability levels (25, 50, and 75%) (Table 4), following the validation classiﬁcation methods outlined by SAS (1997). The
percent correct classiﬁcation indicate very good predictive ability for the north CCB (87%), central CCB model b (100%), and
south CCB (83–92%) multivariate models, and moderately good predictive ability for the central CCB model a (42–50%) and
CCB region (55–64%) models (Table 4).
4.4. Appropriate use and limitations
Findings from this study have important implications for management and policy decisions within the WEF  Nexus ofPlease cite this article in press as: Gurdak, J.J., et al., Scale dependence of controls on groundwater vulner-
ability in the water–energy–food nexus, California Coastal Basin aquifer system. J. Hydrol.: Reg. Stud. (2016),
http://dx.doi.org/10.1016/j.ejrh.2016.01.002
coastal California. The vulnerability models (Table 3, Fig. 4a and b) can be used to help prioritize areas for additional monitor-
ing, remediation, and implementation of best-management practices and to help make policy decisions. Actual groundwater
contamination is not depicted in the vulnerability map  (Fig. 4a and b), but rather areas that have the potential of recently
recharged groundwater with NO3− that exceed the relative background concentrations. Although the samples selected for
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Table  4
Classiﬁcation Table of model validation for NO3− greater than or equal to the relative background concentration (2.0 mg/L as N) in recently recharged
groundwater of sub-regions (north, central, and south) and region of the California Coastal Basin (CCB) aquifer system. The classiﬁcation table is calculated
using several decision rule predicted probabilities (25, 50, and 75%).
Percent probability level Correct Incorrect Percent correct
Event Non-event Event Non-event
North CCB 25 0 13 2 0 87%
50  0 13 2 0 87%
75  0 13 2 0 87%
Central CCB model a 25 6 0 0 6 50%
50  2 3 4 3 42%
75  0 6 6 0 50%
Central CCB model b 25 5 5 0 0 100%
50  5 5 0 0 100%
75  5 5 0 0 100%
South  CCB 25 7 4 0 1 92%
50  6 4 1 1 83%
75  6 5 1 0 92%
CCB  region 25 15 9 4 16 55%
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his study contain some recently recharged groundwater based on the 3H content, the age mixtures of the groundwater
amples could vary depending on well depth, screen length, and pumping rate and thus could affect interpretation of the
esulting models. The vulnerability maps are most appropriate for use at the CCB regional and sub-regional scales and
ay  have limitations at the local agency- to ﬁeld-scale because they do not account for local point sources or attenuation
rocesses. Although the vulnerability models and maps may  not necessarily support some local agency decision making,
nowledge about the important STA controlling factors identiﬁed here may  help some local-scale decisions related to the
ulnerability of the WEF  Nexus. The models and maps were developed using ﬁeld observations of groundwater quality and
IS-based explanatory variables from a discrete time period (1992–2010). Thus, using the vulnerability models to forecast
uture vulnerability conditions may  not necessarily be appropriate and would require additional validation using temporal
ata sets that is beyond the scope of this study.
. Conclusions
The variables identiﬁed as controlling factors on NO3− concentrations in the CCB can help water management agencies
dentify areas of the aquifer that are vulnerable to NO3− contamination. An important ﬁnding is that groundwater vulner-
bility models are sensitive to the scale of the model domain and explanatory variables. We  ﬁnd that different STA factors
ere important in different sub-regions of the CCB, and some STA factors are have scale invariance, representing a signiﬁcant
ontrol on elevated NO3− concentrations at sub-regional, regional, and even national scales. Land-use is a scale dependent
actor due to the difference in land management practices between the sub-regions. DO, farm fertilizer, and soil thickness
re important STA factors that are independent of scale because they are statistically signiﬁcant at both sub-regional and
egional scales. DO is the most important controlling factor at the sub-regional and regional scale of the CCB, indicating that
O should be monitored on a regular basis at all wells. Future groundwater vulnerability modeling studies of the CCB should
herefore consider DO as a major control on NO3− concentrations in recently recharged groundwater. Additionally, water
anagement agencies should implement measuring DO during water quality sampling as a standard practice. During the
ollection of water quality data for this study, it was  found that DO is not regularly collected during routine groundwater
ampling. Considering the importance of DO on denitriﬁcation and the relative inexpensive tools used to measure it, DO
hould be regularly monitored. In conclusion, best management and policy decisions regarding availability and sustain-
bility of groundwater resources within the WEF  Nexus are best supported by vulnerability models that are developed at
he same spatial scale as the decision making. Future research is needed to develop methods to more seamlessly integrate
roundwater vulnerability models and predictions into more holistic, integrated indices or metrics of societal vulnerability
ithin the WEF  Nexus.
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